Abstract-Mobile traffic is projected to increase 1000 times from 2010 to 2020. This poses significant challenges on the 5th generation (5G) wireless communication system design, including network structure, air interface, key transmission schemes, multiple access, and duplexing schemes. In this paper, full duplex networking issues are discussed, aiming to provide some insights on the design and possible future deployment for 5G. Particularly, the interference scenarios in full duplex are analyzed, followed by discussions on several candidate interference mitigation approaches, interference proof frame structures, transceiver structures for channel reciprocity recovery, and super full duplex base station where each sector operates in time division duplex (TDD) mode. The extension of TDD and frequency division duplex (FDD) to full duplex is also examined. It is anticipated that with future standardization and deployment of full duplex systems, TDD and FDD will be harmoniously integrated, supporting all the existing half duplex mobile phones efficiently, and leading to a substantially enhanced 5G system performance.
I. INTRODUCTION
Studies on 5G are gaining more momentum worldwide, in an attempt to provide solutions to the exponential increase of mobile data traffic by 2020. Though 5G is in its embryonic stage, there have appeared some trends in how to design 5G network, e.g. to make it green and soft, as proposed by China Mobile [1] . Multiple research topics have been identified as 5G candidates, including large-scale antenna systems (LSAS), non-orthogonal multiple access (NOMA), new waveform design, advanced coding and modulation, full duplex, spectrum sharing, high-frequency bands (e.g. mmWave and visible light), high-density networks, new network architecture, etc. These technologies may have great potential in system performance improvement for 5G.
Out of these potential technologies for 5G, full duplex wireless system has drawn much attention since it can maximally achieve doubled spectral efficiency by transmitting and receiving signals at the same time and frequency. Multiple research groups have demonstrated the feasibility of shortrange full duplex wireless connection in either a relay or single access point scenario [2] - [6] . A full duplex design combined with MIMO was implemented with better performance than conventional MIMO with the same number of Tx/Rx chains but doubled antenna number [4] . A time-domain transmit beamforming method for self-interference cancelation was proposed for MIMO full duplex systems [5] . When the antenna array goes to massive, the combination of massive MIMO and full-duplex was discussed in [6] , where new self-interference suppression schemes were proposed to leverage the excessive degrees of freedom in massive MIMO systems. With an attempt to achieve full duplex with only a single antenna, a full duplex implementation using a common carrier was presented in [7] , with over 40 dB signal isolation between the transmitter and receiver and only a 0.75dB insertion loss for the transmitter-to-antenna and antenna-to-receiver paths. Additionally, an experimental and simulation based study evaluating the use of full duplex as a special mode in practical IEEE 802.11 networks was presented in [8] , where the full duplex physical layer was designed with a MAC protocol backward compatible with current IEEE 802.11 systems. The significant potential advantages of full duplex in the cloud radio access network (C-RAN) [9] architecture with sufficient front-haul capacity and appropriate scheduling was analyzed in [10] . Moreover, a comprehensive survey and analysis of system scenarios and technical requirements for full duplex was presented in [11] .
Quite recently, full duplex networking issues have also been investigated when full duplex is considered in a wireless network. An interesting interference management strategy was proposed in [12] to handle the inter-cell interference to achieve gains in data rates over half duplex systems. However, it assumed that all base stations (BSs) in the network have instantaneous access to global channel state information. Extensive system level simulations were carried out in [13] to evaluate the throughput of full duplex cellular systems, where a sub-optimal resource allocation scheme was considered. The results showed that full duplex could significantly increase the aggregate throughput of current cellular systems in both downlink (DL) and uplink (UL). However, these analysis and simulations may be overoptimistic, since full availability of the channel state information and perfect interference mitigation are assumed. In practical system deployment, the severe intercell and intra-cell interferences due to simultaneous transmission and reception in each cell makes the deployment of full duplex networks almost a mission impossible. For example, the DL/UL channel measurement and estimation may not be easily achieved due to mutual interferences from both the same cell and adjacent cells. In addition, proper scheduling of DL and UL users requires the inter-user channel information, which also may incur high complexity and heavy signaling overhead.
This paper aims to shed some insights on how full duplex network should be designed to make it a mission feasible, from the perspectives of interference mitigation techniques, frame structure design, transceiver structures, and TDD and FDD extension to full duplex. More specifically, Section II investigates the interference scenarios and discusses the interference mitigation issues in full duplex networks. In Section III, design principles of frame structure for full duplex are presented, taking into account various interference situations in the network. In Section IV, a new transceiver structure for full duplex is proposed to efficiently recover UL and DL channel reciprocity, which appears impossible with current full duplex transceiver design. In Section V, the concept of super full duplex base station is introduced, which essentially operates in full duplex mode, while the operation of each sector within the cell served by the super base station follows the traditional TDD operation. Therefore, significant reduction of both intercell and intra-cell interferences will be expected. The approach for the evolution of FDD and TDD to full duplex is analyzed in Section VI. Finally, Section VII summarizes this paper.
II. FULL DUPLEX INTERFERENCE MITIGATION SCHEMES
In the current TDD or FDD system, the DL to DL interference received at UE and UL to UL interference received at BS have been extensively studied in literature and standardization bodies. For example, the coordinated multiple point (CoMP) was standardized in 4G long term evolution advanced (LTE-A) and IEEE 802.16m to counteract these co-channel interferences. In a full duplex system, the interferences are more severe than that in traditional half duplex systems. For example, some new interferences in a full duplex homogeneous network are shown in Fig. 1 (a) , where BS1 and BS2 are transmitting signals to user equipment (UE) 1 and UE3 in the DL, respectively, while UE2 and UE4 are transmitting signals to BS1 and BS2 in the DL, respectively. In addition to the selfinterference from Tx to Rx at each BS, there are intra-cell UL to DL interferences interf UE2 to UE1 (from UE2 to UE1) and interf UE4 to UE3 (from UE4 to UE3), inter-cell UL to DL interferences interf UE2 to UE3 (from UE2 to UE3), and DL to UL interferences interf UE1 to UE4 (from BS1 Tx to BS2 Rx) and interf UE3 to UE2 (from BS2 Tx to BS1 Rx). These interferences have significant impact on whether a full duplex system works or not, and must be mitigated properly, in addition to the already existing DL to DL and UL to UL interferences.
A. Self-interference and DL to UL Interference Mitigation
For the full duplex operation for a single BS, selfinterference from BS Tx to BS Rx is the strongest source of interference. There are several techniques to counteract this self-interference, including antenna cancellation, analog cancellation and digital cancellation [2] [3] [4] . When the number of Tx and Rx antennas is small, analog cancellation circuits can be practically implemented. However, with more antennas at the BS, analog cancellation circuits are practically impossible due to the significantly increased complexity and cost. In full duplex network, the self-interference mitigation can be jointly considered with the DL to UL interference if the base stations are equipped with multiple antennas. As shown in Fig. 1 (b), one feasible approach is to minimize the self-interference by joint Tx and Rx beamforming. The self-interference channel is measured at first, then the DL data is precoded such that self-interference is minimized (e.g. a null is formed toward Rx antennas). To further improve the receive performance of UL data, Rx antenna beamforming can also be employed, which minimizes the self-interference while enhances the UL data reception (e.g. a null is formed towards Tx antennas). This indicates that the channel from BS Tx to DL UE, the channel from BS Tx to Rx, and the channel from UL UE to BS Rx shall be jointly considered. With an optimized beamformer and DL/UL user selection, Tx to Rx self-interference can be mitigated. A joint beamforming scheme is proposed in [14] to mitigate the selfinterference and the co-channel interference to maximize the overall spectrum efficiency. Though theoretically feasible, the joint beamforming approach requires instantaneous channel information available at the BSs with a central controller responsible for all the corresponding signal processings, and therefore is very challenging in practice.
B. UL to DL Interference Mitigation
Mitigating the UL to DL interference in a full duplex system is also very challenging, because the interference is UE specific and the interference source is random. The DL and UL scheduling, power control mechanism, DL and UL signal-tointerference-and-noise-ratio (SINR) requirements, UL to DL interference measurement and feedback, and self-interference mitigation capability should be jointly considered. Basically, the UL to DL interference mitigation can be based on accurate interference channel measurement, which may incur too much overhead. Therefore, large scale fading (LSF) based UL to DL interference mitigation can be well motivated. For example, with the UL and DL LSF information, the BS can calculate the minimum interference between UL and DL UEs, and then proper scheduling can be made accordingly: 1) At first, the BS estimates the distance from UE to BS in the UL (Distance UL) and the distance from BS to UE in the DL (Distance DL) based on a proper channel model; 2) Then, the BS gets the minimum distance between the UL and DL UE, i.e. |Distance UL-Distance DL|, which corresponds to the largest UL to DL interference. The minimum DL SINR can then be calculated; 3) Finally, the BS decides which UL UEs are allowed to simultaneously transmit signals for each DL UE if the minimum DL SINR requirement is higher than the required SINR threshold.
The drawback of this approach is that, the lack of accurate UL to DL interference measurements may require to maximize theminimum UL UE to DL UE distance. With this method, UL UE should be at the cell center and DL UE should be at the cell edge to achieve better interference mitigation performance. Obviously, there is a loss of scheduling flexibility in this approach, thus leading to an inevitable performance degradation. However, the performance loss can be negligible if the user number is large enough, since proper DL and UL user pairing seems much easier.
III. FULL DUPLEX FRAME STRUCTURE
Frame structure is generally the basic UL and DL operation framework for wireless communication systems, which specifies where and when the signaling and data should be transmitted. In TDD and FDD 4G systems, DL and UL transmission is not simultaneous or not one the same frequency, almost eliminating the necessity of joint design of DL and UL frame structure. However, due to simultaneous DL and UL transmission in a full duplex network, frame structure design for full duplex is required to provide excellent DL/UL interference mitigation capabilities. This is a dramatic departure from the conventional half duplex system and brings unique technical challenges. The basic design principle is that, DL (UL) control information should not be interfered by UL (DL) data or control, and DL/UL data transmission is opportunistic. As one potential example, a DL and UL frame structure is illustrated in Fig. 2 , where DL and UL resources are partitioned into several functionality-specific regions as blow:
1) DL common control region (UL blank region): Where the DL cell common control information, e.g. primary synchronization sequence (PSS), secondary synchronization sequence (SSS), physical broadcast channel (PBCH), physical DL control channel (PDCCH) and reference signals (RS) are transmitted, UL transmissions need to mute such that no DL UE may fail to receive DL control signals due to interference from unknown UL UEs; 2) DL UE specific control region (UL opportunistic data region): Where the UE specific control information is transmitted in the DL with a higher priority, and the UL transmission is possible only if its interference to the DL UE is tolerable. The UL is in an opportunistic data region; 3) UL control region (DL opportunistic data region): In this region, physical random access channel (PRACH), sounding reference signals (SRS), physical uplink control channel (PUCCH), demodulation RS (DM RS) are transmitted. DL transmission is possible since UL to DL interference can be managed by scheduling proper DL users. The DL is in an opportunistic data region; 4) UL special control region (DL blank region): Some special control signals are transmitted in the UL, and the DL frame needs to mute. For example, when UL channels to different BSs need to be measured accurately, DL transmission at each BS should be muted to avoid interference to the UL in adjacent BS; 5) DL data region (UL data region): In this region, BS can freely schedule UL and DL user data with equal priority.
In addition to the interference-aware considerations above, one special issue needs to be addressed is the time gap between DL and UL in a traditional TDD system. This time gap was designed to be sufficiently large to provide the sufficient time duration for the DL to UL switch of the BS circuitry and to mitigate intra-cell and inter-cell UL and DL interferences. In a full duplex system, this gap can be removed because the BS is not expected to quickly switch from DL to UL. Equipped with separate Tx and Rx chains in DL and UL respectively, the full duplex BS does not need to switch between UL and DL. Also, fast switching in UE from DL to UL is not necessary, because UE's DL and UL can be scheduled with a time gap. In addition, UL and DL interference can be mitigated by proper schemes as explained in Section II. 
IV. TRANSCEIVER STRUCTURE FOR CHANNEL RECIPROCITY
In addition to the difficult issues of interference mitigation and frame structure discussed above, another important issue for full duplex is that UL and DL channel reciprocity is no longer effective since DL and UL may generally have separate transmit and receive antennas (note that at current stage, full duplex Tx and Rx via single antenna seems very tough). The estimated DL/UL channel information cannot be directly used in UL/DL, thus mandating both UL and DL channel information feedback.
One method to retain the channel reciprocity is by adding one switch in each Tx and Rx chain, such that each Tx/Rx chain is connected with two antennas, one antenna for Tx/Rx by default, and the other antenna for Rx/Tx by default. Therefore, switching between transmit and receive chains for the same antenna within a certain period of time (less than channel's coherent time) can retain the UL and DL channel's reciprocity, since the measured DL (UL) channel can now be taken as UL (DL) channel. As shown in Fig. 3 (a) , in time slot N, the BS is transmitting with antennas 1 to N, and receiving with antennas N+1 to 2N. In the time slot N+T (shown in Fig.  3(b) ) where T is the antenna switch period and is assumed to be shorter than the channel's coherent time, the BS switches its transmit and receive antennas, i.e. transmitting with antennas N+1 to 2N, and receiving with antennas 1 to N. In this way, the DL (UL) channel measured by UE (BS) in the time slot N can be readily used in the UL (DL) transmission in time slot N+T, eliminating the necessity of channel information feedback.
Note that in a full duplex system with the transceiver structure above, the inter-BS channel feedback is not necessary any more. Each BS can precode its DL data based on channel measurement of the inter-BS links, thus a significant overhead reduction can be achieved. This is particularly beneficial to full duplex relays, and may lay a solid ground for spectrum efficiency and energy efficiency optimization [15] of full duplex systems.
V. FULL DUPLEX VIA TDD OPERATION
As discussed in previous sections, the inherent severe interferences in a full duplex network mandates complicated interference mitigation techniques and excessive modifications to current 4G standards, thus making the full duplex networking almost one mission impossible. In this section, the concept of super full duplex base station (SFDBS) is proposed to potentially change the severe situation. The key features of SFDBS are summarized as follows: 1) Antennas in each sector are partitioned into multiple clusters, each cluster serves one sector of the cell; 2) Central processing is implemented to control the Tx and Rx signals of each antenna; 3) Each antenna is connected with one switch, which also connects to one Tx and one Rx chain. Each antenna can be utilized to either transmit or receive within certain time intervals (note that the transceiver structure shown in Fig.3 can be readily used for this purpose); 4) Each sector operates in traditional TDD mode, while the whole cell operates in full duplex mode. For simplicity, a two-sector SFDBS is illustrated in Fig. 4  (a) and Fig.4 (b) , where each sector has two antennas (antennas 1 and 2 in sector 1 and antennas 3 and 4 in sector 2). As shown in Fig. 4 (a) , antennas 3 and 4 transmit in time slot N, while antennas 1 and 2 receive. As shown in Fig. 4 (b) , antennas 3 and 4 are switched to receive in time slot N+k, while antennas 1 and 2 are switched to transmit. Since the antennas in different sectors can be well isolated, the self-interference mitigation can be much simpler compared to the original full duplex base Applying the concept above to the full duplex network such that each cell is partitioned into multiple sectors, in each of which TDD mode is adopted. With proper coordination of Tx and Rx of each cell, the inter-cell and intra-cell interferences can be alleviated a lot. Consider one typical scenario where each cell is composed of three sectors, and the number of DL transceivers is two times that of the UL transceivers due to the asymmetry traffic of DL and UL. As shown in Fig. 4 (c) , in time slot N, two out of three sectors are transmitting, while the remaining sector is receiving. Note that at the cell boundary regions, only DL or UL traffic is applied. This, to a significant extent, reduces the inter-cell and intra-cell interferences, operating exactly as the traditional TDD networks. In time slot N+k, as shown in Fig. 4(d) , Tx and Rx of each base station are reconfigured, with the cell boundary region still being either DL or UL only. Though there are regions where UL transmission may interfere with DL reception, the UL UE and DL UE basically belong to different sectors or different cells, dramatically alleviating the burden on interference mitigation. Note that DL to DL and UL to UL interference mitigation can readily utilize the CoMP schemes specified in 4G standardization, like coordinated scheduling/coordinated beamforming and joint processing.
A system level simulation is shown to illustrate the DL SINR improvement achieved by SFDBS, with simulation parameters listed in Table 1 . The cumulative distribution function (CDF) is depicted in Fig. 5 . Thanks to the coordinated transmit and receive of each sector, SINR achieved by SFDBS is much better than that of full duplex system, e.g. 15 dB gain at 50% CDF and 36dB gain at 10% CDF. Thus, the inherent severe inter-cell and intra-cell interferences in full duplex network can be reduced significantly.
The possible impact of SFDBS concept is that, full duplex can be implemented without much standard modifications to TDD system. The potential benefits promised by full duplex can be conveniently achieved via TDD operation in each sector. The corresponding multi-cell joint scheduling and processing of SFDBS network can be much facilitated by C-RAN.
VI. EXTENSION OF FDD AND TDD TO FULL DUPLEX
Potential standardization of full duplex key technologies in 3GPP or IEEE may start in the near future, e.g. in 3GPP LTE release 13 and beyond, and IEEE 802.11x. The focus may lie in leveraging full-duplex capabilities at infrastructure nodes to support half-duplex UEs, since full duplex UE still seems impractical due to complexity and cost. The shift of half duplex to full duplex requires fundamental changes on the system design. In the following, the possible extension of TDD and FDD to full duplex is discussed.
A. FDD Extension to Full Duplex with FDD UEs
Extension of the traditional FDD system to a full duplex system generally requires to double the number of transceivers for each Tx/Rx frequency band. For example, as shown in Fig.  6(a) , evolved node B (eNB) transmits to UE1 on the carrier frequency f1 and receives from UE1 on the carrier frequency f2 simultaneously, and meanwhile transmits to UE2 on f2 and receives from UE2 on f1. The big impact of this approach is that it requires some FDD UEs like UE1 to be capable of transmitting on f1 and receiving on f2, and some FDD UEs like UE2 to be capable of transmitting on f2 and receiving on f1.
B. FDD Extension to Full Duplex with Carrier Aggregation UEs
Alternatively, the extension of FDD to full duplex can be realized with the carrier aggregation (CA). UEs with CA capability work well in this full duplex network. As shown in Fig. 6(b) , eNB transmits in DL to CA UE1 on both f1 and f2, and CA UE2 transmits in UL to eNB on both f1 and f2.
C. TDD Extension to Full Duplex
The extension of TDD to full duplex is comparatively simpler than that of FDD. In full duplex, each transmit/receive chain has its own set of Tx/Rx antennas operating on the same frequency. As shown in Fig. 6(c) , eNB schedules UE1 (in DL) and UE2 (in UL) in time slot N, and schedules UE1 in (DL) and UE2 (in UL) in time slot N+K.
As explained in Section V, the concept of SFDBS, as one approach to full duplex deployment, is capable of implementing full duplex via TDD operation, requiring little modifications to the current standard. However, if the implementation of full duplex from either TDD or FDD systems involves simultaneous Tx and Rx within each sector, significant efforts are needed for the standardization (frame structure, reference signals, signaling, etc.) to efficiently counteract the fierce interference situations.
VII. CONCLUSIONS
In this paper, several key design issues for full duplex networks were investigated, with potential solutions proposed. Firstly, the interference situation was analyzed and potential interference mitigation techniques were discussed. Considerations in frame structure design were then explained, aiming to provide efficient means to minimize the complicated interferences in full duplex networks. One special issue of high practical importance is that in full duplex systems, different DL and UL antennas will invalidate the DL and UL channel reciprocity available in TDD system. Innovative transceiver structure was then devised to recover the channel reciprocity by switching Tx/Rx antennas for each transceiver. The concept of SFDBS was further proposed, where the potential benefits promised by full duplex can be conveniently achieved via TDD operation in each sector, which significantly reduces the intercell and intra-cell interferences in full duplex networks. The extension of traditional TDD and FDD systems to full duplex was finally addressed.
Conceptually, full duplex systems can efficiently support current half duplex mobile users, removing the clear distinction between TDD and FDD. With more full duplex products (e.g. point to point wireless backhaul/fronthaul systems) available in the market, and with growing research interests and efforts, full duplex may possibly become one of the key technologies for 5G. Full duplex network, which is potentially capable of capacity enhancement, latency reduction and flexible DL/UL resource allocation and scheduling, can be feasible in the future.
